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ABSTRACT

A full-scale section of half the top of a single-wide manufactured home has been studied in the
Large Scale Climate Simulator (LSCS) at the Oak Ridge National Laboratory. A small roof cavity with
little room for insulation at the eaves is often the case with single-wide units and limits practical ways to
improve thermal performance. The purpose of the current tests was to obtain steady-state performance
data for the roof cavity of the manufactured home test section when the roof cavity was insulated with
fiberglass batts, blown-in rock wool insulation or combinations of these insulations and powder-filled
evacuated panel (PEP) insulation. Four insulation configurations were tested: A, a configuration with two
layers of nominal Rys-7 h-f2-°F/BTU (Rg-1.2 m>K/W) fiberglass batts; B, a layer of PEPs and one layer of
the fiberglass batts; C, four layers of the fiberglass batts; and, D, an average 4.1 in. (10.4 cm) thick layer of
blown-in rock wool at an average density of 2.4 1b/£t (38 kg/m®). Effects of additional sheathing were
determined for Configurations B and C. With Configuration D over the ceiling, two layers of expanded
polystyrene (EPS) boards, each about the same thickness as the PEPs, were installed over the trusses
instead of the roof. Aluminum foils facing the attic and over the top layer of EPS were added. The top
layer of EPS was then replaced by PEPs.

The high R-value PEPs fit easily between the trusses. When placed on a layer of fiberglass batts,
they did not cover the ceiling joists. Moreover, the length of the PEPs caused joint effects; it took three
panels between each pair of joists to span the distance from eave to ridge. Unlike the configurations with
only fiberglass batts, PEPs caused no significant compression of insulation at the eave edge of the test
section. The rock wool was not compressed at the eave edge and covered the joists well, but was not as
thick near the eave or ridge edges as in the middle of the test section. System R-values measured for the
whole test section showed the effects of these features. The system R-values were significantly less than
the center-of-cavity R-values. Ratios of system to center-of-cavity R-values varied from under 50% with
the PEPs, because of eave edge, joist and joint effects, to over 90% for two layers of fiberglass batts at
summer conditions, where the metal roof had a radiant barrier effect.

We tried to improve the system R-values. With Configuration B, the system R-value was 23%
better with sheathing over the eave edge and over most of the underprotected joists and joints than without
it. Vertical sheathing at the eave edge improved the system R-value for Configuration C by 9%. Placing
the layers of EPS over the entire roof area did not yield a commensurate increase in system performance
with Configuration D because the eave edge was left thermally underprotected. The foil facing the attic
space helped, especially at summer conditions. PEPs instead of one layer of the EPS were not successful
either in significantly improving system R-value because of effects at the eave edge. Only when the entire
eave edge was protected by wide EPS boards did a 51% improvement at the mid-winter condition and a
95% improvement at the summer condition occur in system R-value relative to the system R-value for the
base-case tests with Configuration D.

Modeling of the base-case fiberglass batt and rock wool configurations and the PEPs on top of
fiberglass batts with a three-dimensional conduction program predicted that 13 to 16% of the total heat
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flow through the system area was across the thermally underprotected eave. The eave area for the model
was 8.4% of the total system area, comprising 3.2% from the stub wall area and 5.2% from ceiling area to
include the region where the two layers of fiberglass batts were compressed between the roof and ceiling.
For the PEPs over fiberglass batts, further modeling showed that about half the decrease in R-value for the
ceiling away from the eave edge relative to the center-of-cavity R-value was due to poor coverage of the
joists. Modeling was also used to explore the benefits of improved thermal protection for the edge made
possible by different construction techniques. A whole house model put the results for the roof cavity into
the perspective of the annual heating and cooling energy needs of a whole single-wide unit.

The PEPs available for the tests achieved Rys-16 h-f*-°F/BTU Rg-2.8 m>K/W) in 0.79 in. (20
mm) thickness. This is very good center-of-cavity performance. The measurements of system R-value
with PEPs between the trusses on top of a layer of fiberglass batts showed too many thermal shorts to take
economic advantage of the high center-of-cavity R-value. The measurements of system R-value with
insulation over the trusses showed potential for improving thermal performance of the roof cavity if the
eave edge is improved simultaneously. PEPs could have application near the eave edge where space is
very cramped if they can be installed without danger of damage to them. This danger is not easy to avert
because there are strict requirements for strapping the roof to the side walls. For the near term,
conventional sheathing, as much as can be tolerated, is recommended over the walls and the eave edge of
the trusses.



EXECUTIVE SUMMARY

During the initial phase of work under CRADA ORNL 93-0191, a test section was designed that
models 12 ft (3.7 m) of half the roof of a single-wide manufactured home with a pitched metal roof. The
test section was built, instrumented and used in the Large Scale Climate Simulator (LSCS) in the Buildings
Technology Center (BTC) at the Oak Ridge National Laboratory (ORNL). The LSCS allows conditions of
temperature and humidity to be imposed above horizontal test sections to simulate outdoor conditions
ranging from extreme winter to extreme summer conditions. Corresponding indoor conditions below the
test sections can be set. The outdoor conditions can be varied to simulate diumal variations. For this
work, constant temperatures were imposed for sufficient times to achieve steady-state. Figure 1ES shows
schematically the manufactured home test section in place in the LSCS.

The purpose of the tests was to obtain steady-state performance data for the roof cavity of this
single-wide manufactured home. Our industrial partner in this CRADA built the test section with
materials and tools used in their regular production of manufactured homes. We installed guard insulation
around the perimeter of the test section (shown as cross-hatched area in Fig. 1ES) to minimize flanking
losses. The roof cavity was insulated with conventional insulation and with powder-filled evacuated panel
(PEP) superinsulation. Four insulation configurations were tested: A, a configuration consisting of two
layers of nominal Rys-7 h-ft°F/BTU (Rg-1.2 m*K/W) fiberglass batts; B, a configuration in which a layer
of PEPs replaced one layer of the fiberglass batts; C, a configuration that used four layers of nominal Rys-7
fiberglass batts; and, D, blown-in rock wool insulation. Effects of additional sheathing at the eave edge
and over joists and joints were determined for Configuration B and at the eave edge only for Configuration
C. For Configuration D, two layers of expanded polystyrene (EPS) insulation, foils facing the attic space
and over the top layer of EPS and then PEPs instead of the top EPS layer were installed over the trusses
instead of the metal roof.

The test section was built to allow calorimetric determination of the total heat loss or heat gain
through the assembly into the nominal 8 x 8 ft (24 m x 2.4 m) opening of the metering chamber of the
LSCS. To ensure that the full effect of the underprotected eave edge was measured calorimetrically and to
allow testing of modifications to it, the test section was built on stub walls like the actual side walls of the
unit whose features were incorporated in the design of the test section. Only the heat flowrates through the
ceiling and area of unguarded stub wall on the eave edge were desired from the metering chamber energy
balance. The balance was corrected for flanking losses around the perimeter. For flanking losses through
large, independently measured thermal resistances, temperature differences were measured and used with
the thermal resistances to estimate the heat flow. The flanking losses through unknown thermal resistances
were estimated from the response of calibrated heat-flux transducers in place around the perimeter.

Checks of the accuracy of the metering chamber energy balance were done as part of the tests. A
calibration panel, comprising a 4 in. (10.2 cm) thick layer of EPS with known R-value, was inserted into

xi



ORNL DWG §2-74748

-
WFRARED LIGHT SYSTEM :
L =
pam—
CLMATE CHAMBER -
MANUFACTURED HOME TEST SECTION
ACCESS DOORS TO WITH ADDED GUARD IHEULATION ‘
CLMATE CHAMBER =P pyowy
DIAGNCSTIC ‘
—id /
. -
Ry
WETENIRG
y CHANBER
| !
3 | POoR - / /
1R
TYPICAL i |
msuumsol §
GUARD s TYPICAL AR RECRCULATING
1 PEL l cwﬂ =/j AND CONDITIONNG SYSTEM
- v

Fig. 1. (Executive Summary). Schematic of the manufactured home test section
inside the Large Scale Climate Simulator.

the LSCS. The metering chamber balance reproduced the panel’s known R-value of about

16 h-f2-°F/BTU (2.8 m?K/W) within +0.1 h-ft>-°F/BTU (20.02 m2K/W) at mean insulation temperatures
from 25 to 50°F (-4 to 10°C). At summer conditions cooling is required in the metering chamber.
Overcooling allowed temperature to be controlled with the same heaters as used for winter conditions.
With optimum cooling, R-values for the calibration panel were within 0.3 h-ft2.°F/BTU (+0.05 m2-K/W)
of known values at mean insulation temperatures from 85 to 100°F (29 to 38°C).

Three HFTs were especially calibrated for use inside the attic space of the manufactured home test
section. Thermocouples were located beside each HFT and directly above them. This placement of HFT's
and thermocouples gave data to measure the center-of-cavity R-value of the insulations and an apparent
insulation R-value near the eave edge of the test section. The energy balance on the metering chamber is
used to calculate an R-value for the system. For these tests, it is defined as

Ren = ATA/Q (1ES)

where AT is the difference between the average air temperatures above and below the test section,
A is the inside surface area of the test section exposed to the metering chamber, and
Q is the net heat flow through this area, from the corrected metering chamber energy balance.



Because a correction is made for flanking losses around the perimeter of the test section, the area is taken
as the sum of the ceiling area and the area of the stub wall above the guard insulation on the eave side.
The ceiling area is 96 in. x 76.25 in. (2.44 m x 1.94 m) and the exposed stub wall area is 96 in. X 2.5 in.
(2.44 m x 0.064 m), totaling 52.5 ft*(4.89 m?). The stub wall contributes only 3.2% to the total area.

The insulation configurations with fiberglass batts or blown-in rock wool insulation in the roof
cavity showed strong responses to the construction features of the test section, especially those at the eave
edge of the roof. The systems consisting of a layer of fiberglass batts and PEPs on the ceiling or using
blown-in rock wool were not affected by vertical compression of insulation at the eave. Insulation
coverage was poor over the joists with PEPs on top of fiberglass batts because the panels had to fit
between the vertical and slanted truss members. There were also joints between the three panels used from
eave to ridge in each space between joists. The configurations comprising two and four layers of fiberglass
batts had compressed insulation at the eave but insulation was continuous from eave to ridge. Joist
coverage was not perfect because the semi-rigid batts could not conform only to where the vertical and
slanted truss members joined the joists. The blown-in insulation was not compressed at the edge but its
thickness there was not as great as in the middle of the test section because of the short heel at the eave
edge. Thickness near the ridge edge was also less than in the middle because of the blowing technique that
was used.

Thermal performance of the Configurations A, B, C and D is shown in the table. The ratios of the
system to center-of-cavity insulation R-values show how much the system R-values are affected by
insulation compression or reduced insulation at the eave edge, thermal bridges and effects through joists

and joints.
Configuration Condition  Center-of-Cavity Ry System Ry System/Center
Ry Rg) (%)
A. Two FG Batts Winter 15.6-17.2 (2.7-3.0) 12.0-12.4 (2.1-2.2) 72-717
Summer 13.2(2.3) 12.1 (2.1 92
B. PEPson FG Winter 24.1-25.8 (4.2-4.5)  12.4-12.7 (about 2.2) 49-53
Summer -—= -—- -—-
C. Four FG Batts Winter 30.4-31.7 (5.4-5.6) 16.8-18.6 (3.0-3.3) 55-59
Summer 27.6 (4.9 15.8 (2.8) 57
D. Rock Wool Winter 13.0-14.0 (2.3-2.5) 9.1-10.1 (1.6-1.8) 65-74
Summer 124 (2.2) 9.9(1.8) 80

Improvements in system R-values were sought by improvements in Configurations B, C and D.
After the initial tests with Configuration B, 0.75 in. (1.9 cm) thick extruded polystyrene (XPS) sheathing
was installed over the eave edge and 4 in. (10.2 cm) thick EPS was installed over most of the
underprotected joists and over the joints between the PEPs. The XPS and EPS sheathing improved the
system R-value by 23% compared to the initial results with Configuration B. Vertical XPS sheathing at
the eave edge improved the system R-value for Configuration C by 9%. Placing two EPS layers, each
0.625 in (1.6 cm) thick, over the trusses instead of the metal roof showed a 7 to 9% increase over the initial
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system R-value with Configuration D. Adding an aluminum foil facing the attic space showed a 27%
increase at winter conditions and a 29% increase at summer conditions relative to the initial results.
Placing PEPs instead of one of the EPS layers over the trusses yielded 28% improvement over
Configuration D at winter conditions and 519 at summer conditions. In all these cases, the eave edge was
left thermally underprotected. The entire eave edge was then protected by wide EPS boards like the one
shown in Fig. 1ES covering most of the stub wall. The combined effect of all improvements was a 51%
higher system R-value at the mid-winter condition and a 95% higher one at the summer condition relative
to the system R-values with the base-case Conﬁguratibn D.

HUD manufactured housing construction and safety standards require compliance with an upper
limit on the overall U value of the roof/ceiling, walls and floor. The limit varies with location, specified as
one of four zones in the continental U.S. For the roof/ceiling, center-of-cavity insulation R-values and

inside and outside film resistances, all at 75°F (24°C), are used with parallel path corrections for insulation
~ compression and framing effects. The method is specified in a companion HUD manual. For this test
section, including the stub wall on the eave edge, the system R-value for insulation Configuration A by this
method is estimated to be Rys-14.8 (Rg-2.6). This is 21% higher than the measured average of 12.2 for
this system.

The eave edge, the space around a horizontal ceiling joist, and an entire 14 ft (4.3 m) wide x 52 ft
(15.8 m) long manufactured home were modeled to provide insight to the measurements. For the two layer
fiberglass batt insulation package and for the PEPs over fiberglass batts, the model of the eave edge
showed that 16% of the total heat flow across the test section came across the eave edge. For the rock
wool, the eave edge loss was 13% of its larger total. For the two-layer fiberglass batt and PEP
configurations, the model of heat flow across a horizontal ceiling joist addressed only the joist effect in the
ceiling R-values. The joist was away from the eave edge and free from connections to other truss
members. Ceiling R-values were obtained from differences between measured total heat flows and
predicted eave edge heat flows. For the PEPs, further modeling addressed the effects of sheathing over the
joist. The blown-in rock wool was not modeled because it would not show a joist effect. The predictions
yielded a joist effect of only 1% for the two layers of fiberglass batts but, since the PEPs did not cover the
joists, about 18% and 23% for the PEPs on top of a layer of fiberglass batts with and without sheathing,
respectively. The differences between the joist and total ceiling framing effects were about 20% for all of
the insulation configurations meaning that the vertical and slanted truss members effectively reduced the
system R-value by about 20% from the center-of-cavity insulation R-value. The blown-in rock wool
showed a 21 to 32% framing effect for the ceiling, which is attributed to poorer coverage near the ridge
edge and some effect of the vertical and slanted trusses.

The whole house computer simulation showed annual energy savings for proposed improvements
in construction features of manufactured homes. Improving just the edge of the roof saved very little. But,
if mechanical constraints would allow the extra width caused by 0.5 in. (13 mm) thick vertical XPS
sheathing over all exterior walls and the eave edge, payback times for the sheathing were 2.5 to 4 years.
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The PEPs available for the tests achieved Rys-16 h-ft*>*F/BTU (Rq-2.8 m>K/W) in 0.79 in.
(20 mm) thickness. This is very good center-of-cavity performance. The measurements of system R-value
with PEPs between the trusses on top of a layer of fiberglass batts showed too many thermal shorts to take
economic advantage of the high center-of-cavity R-value. The measurements of system R-value with
insulation over the trusses showed potential for improving thermal performance of the roof cavity if the
eave edge is improved simultaneously. PEPs could have application near the eave edge where space is
very cramped if they can be installed without danger of damage to them. This danger is not easy to avert
because there are strict requirements for strapping the roof to the side walls. For the near term,
conventional sheathing, as much as can be tolerated, is recommended over the walls and the eave edge of
the trusses.

XV






1. INTRODUCTION

During the initial phase of work under CRADA ORNL 93-0191, a test section was designed that
duplicates 12 ft (3.7 m) of half the roof of a single-wide manufactured home with a pitched metal roof.
The test section was built, instrumented and used in the Large Scale Climate Simulator (LSCS) in the
Buildings Technology Center (BTC) at the Oak Ridge National Laboratory (ORNL). The LSCS allows
conditions of temperature and humidity to be imposed above horizontal test sections to simulate outdoor
conditions ranging from extreme winter to extreme summer conditions. Corresponding indoor conditions
below the test section can be set. The outdoor conditions can be varied to simulate diurnal variations. For
this work, constant temperatures were imposed for sufficient times to achieve steady-state.

The purpose of the tests was to obtain steady-state performance data for the half-roof assembly
when the roof cavity was insulated with combinations of conventional insulation and powder-filled
evacuated panel (PEP) superinsulation. Four insulation configurations were tested: A, a configuration
consisting of two layers of nominal Rys-7 h-f-°F/BTU (Rg-1.2 m*K/W) fiberglass batts; B, a
configuration in which a layer of PEPs replaced one layer of the fiberglass batts; C, a configuration that
used four layers of nominal Rys-7 fiberglass batts; and, D, blown-in rock wool insulation. Effects of
additional sheathing at the eave edge and over joists and joints were determined for Configuration B and
effects of sheathing at the eave edge only for Configuration C. After base-case tests with Configuration D,
two layers of expanded polystyrene (EPS) insulation were installed over the trusses instead of the metal
roof, Then aluminum foils facing the attic cavity and over the top layer of EPS were added. Finally, PEPs
replaced the top layer of the EPS. The performance of superinsulation compared to that of the base-case
fiberglass batt and rock wool configurations in the relatively small LSCS test sections is of interest for two
reasons. First, it foretells the energy conserving potential of manufactured homes buiit with superinsulated
tops. Second, it guides the whole roof and whole house outdoor tests that make up the work planned for
later phases of this CRADA by our university partner.






2. CONSTRUCTION FEATURES OF THE TEST SECTION

The test section for use in the LSCS is designated as the manufactured home test section. Figures
1 and 2 show, respectively, a photograph and a scale drawing of an end view and a side view. The overall
dimensions of the test section are 12.5 ft long x 12.5 ft wide x 2.7 ft high (3.8 m x 3.8m x 0.83 m). The
halves of the roof trusses are only 6.8 ft (2.1 m) wide, corresponding to the width of half the roof of a 14
ft (4.3 m) wide manufactured home. Oriented strand board (OSB) extensions allowed the test section to
rest on 0.75 in. (1.9 cm) thick extruded polystyrene (XPS) foam insulation strips atop the 5 in. (13 cm)
wide lower ledge of a Z-frame for the diagnostic platforms that fit into the LSCS. In Fig. 1, the papers in
the foreground lie on the diagnostic platform and the upper ledge of the Z-frame. A single layer of
fiberglass batt insulation is in place in this picture. One PEP is on top of the fiberglass in the foreground.
Three more layers of the batts are shown in the background. The PEP and extra three layers of batts allow
direct comparisons of the center-of-cavity thicknesses of the configurations using fiberglass batts that were
installed later. When the roof was installed over the trusses, it compressed any insulation that extended
above the trusses.

Our industrial partner in this CRADA built the test section to the specifications shown in Fig. 2
with materials and tools used in their regular production of manufactured homes. Trusses for one of their
14 ft (4.3 m) wide units with a pitched metal roof and flat ceiling were cut exactly in half. The only
significant deviation from actual construction practice was to allow the sheet metal roof to be removable so
that we could install thermocouples and heat-flux transducers and change insulation configurations. We
also installed the guard insulation shown in Fig. 2 around the perimeter of the test section.

The test section was built to allow calorimetric determination of the total heat loss or gain through
the assembly into the nominal 8 ft x 8 ft (2.4 m X 2.4 m) opening of the metering chamber of the LSCS.
The metering chamber walls are shown as dashed rectangles labeled M.C. in Fig. 2. The length of the test
section in the side view exceeds that of the metering chamber. It extends directly out to the middle of the
lower ledge of the Z-frame. Ordinarily, heat flow is symmetric with respect to vertical planes parallel to
the walls of the metering chamber. For flat specimens which have no air space between the top of the
metering chamber and the lower boundary surface of the test section, these planes of symmetry are planes
of zero horizontal heat flux. The planes intersect the inside walls of the metering chamber for thin flat
specimens and the half thickness of the walls for thick flat specimens.

As seen in the end view in Fig. 2, the manufactured home test section cannot be characterized as a
flat specimen. There is a large air space between the top of the metering chamber walls and the ceiling of
the test section. Metering chamber air circulates inside this space. It was included because two significant
features of the construction of this test section impact thermal performance. These are the short (2.5 in. or
6.4 cm) heel (formed by the nominal 1 by 3 perimeter rail) and the extension of the ceiling over the wall’s
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top plate. There is little thermal protection along the eave edge of the ceiling from the reduced insulation
in the vertical direction and the thermal bridge in the horizontal direction that these features cause.

To ensure that the full effect of this underprotected edge was measured calorimetrically and to
allow testing of modifications, the test section was built on stub walls like the actual side walls of the unit
whose features were incorporated in the design of the test section. These walls have drywall on the inside,
aluminum siding on the outside and are filled with nominal Rys-11 Rq-1.9) fiberglass batt insulation
between nominal 2 x 4 (actually 1.5 in. x 3.5 in. or 3.8 cm x 8.9 cm) studs located 16 in. (41 cm) on center
(o.c.). There is a nominal 2 x 4 top plate. The thin gypsum board that forms the ceiling extended to the
outside edge of the top plate in the assembly that was tested. It was covered by a piece of polyethylene
which formed an air barrier/vapor retarder. Only 2.5 in. (6.4 cm) of side wall were exposed along the eave
edge. The remaining 6.125 in. (15.6 cm) of the stub wall were hidden behind a slab of EPS insulation that
guarded the eave edge. The slab of insulation rested on top of a 0.625-in. (1.6-cm) thick piece of oriented
strand board (OSB) and both extended to the middle of the lower ledge of the Z-frame. The inside edge of
the stub wall on the eave side lined up with the inside edge of the metering chamber wall.

As seen on the ridge side in the end view of Fig. 2, the half trusses were 19 in. (48 cm) short of
reaching the other side of the metering chamber. Another stub wall with gypsum wallboard on its interior
and its stud cavities filled with fiberglass batt insulation was built to support the ridge edges of the half
trusses. A piece of OSB extended to the edge of the metering chamber and beyond to the middle of the
edge of the Z-frame. For extra stiffness, two nominal 2 x 4 studs were placed side-by-side over the OSB
where it rested on the metering chamber wall. The space over these extra studs and the exposed OSB was
filled with EPS insulation boards that extended several inches above the peak of the trusses.

The total R-value of these EPS boards in the vertical direction, which is the direction of minimum
thickness, is estimated to be 144 h-f2-°F/BTU (25.4 m®K/W). There is a small amount of heat flow
through the horizontal OSB under the EPS into the metering chamber, which is not part of the heat flow
for the roof. In standard guarded hot box techniques, a correction is made for heat flow between the guard
and metering chambers by measuring the temperature difference across the known R-value of the metering
chamber walls. This type of correction proved to be negligible because the differences between the guard
and metering chamber temperatures were kept less than 0.5°F (0.3°C) on average. The same procedure
was used to estimate the heat flow through the horizontal OSB from temperatures measured above the EPS
and below the OSB. The correction amounted to about 2% of the total measured heat flow into the
metering chamber.

Small heat leaks were also possible around the perimeter of the test section through vertical
structural members indirectly exposed to the simulated outside conditions. Only the heat flow through the
stub wall on the eave edge was part of the desired effect that the metering chamber energy balance
measured. The other flanking losses besides the vertical heat flow through the Rys-144 EPS were
estimated from the responses of thin, 2 in. X 2in. (5.1 cm X 5.1 cm) heat-flux transducers (FHFTs) in place
around the perimeter. Along the length of the test section in the side view of Fig. 2, vertical walls of OSB
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extended from the ceiling of the test section to the inside edges of the metering chamber walls. Caulking
them prevented direct exchange of air between the guard and the metering chambers. Additional pieces of
OSB extended horizontally from these walls to the middle of the edges of the Z-frame. Initially, only the
multiple vertical pieces of unfaced fiberglass batt insulation shown in the lower part of the side view were
in place. They allowed dead air spaces for 1 ft (0.30 m) outside both OSB walls. HFTs placed in the
middle of the OSB walls monitored the average heat flux between the walls and the metering chamber.
After enough measurements to include all the different climate chamber temperatures, each HET was
covered by a 6 in. (15 cm) square piece of 0.5 in. (1.3 cm) thick extruded polystyrene (XPS). Each HFT
was calibrated facing a 2 ft (0.6 m) square piece of the same XPS to fit in a heat flow meter (ASTM 1991).
The response of an HFT covered by XPS was applied to a unit area of bare wall by multiplying its
indicated heat flux by the ratio of the thermal resistance of the wall plus the XPS and the wall only. The
results checked with the data when the HFT's were not covered. The correction for each wall proved to be
significant; about 4% of the measured total for the whole test section. To reduce this heat flow to about 2
to 3% of the total for each, these spaces were also filled with fiberglass batt insulation after the first two
series of tests. A heat-flux transducer in the middle of the stub wall on the ridge side was used similarly.
It showed a heat leak through the gypsum surface of about 2 to 3% of the total uncorrected flow.

A steady-state two-dimensional conduction heat transfer calculation was performed at all climate
chamber temperatures to estimate the flanking losses horizontally through the wall and vertically through
the OSB at the ridge edge. The 2-D calculation for the wall gave 0.9 to 1.0% of the total measured flow
vs. 2.1 to 3.2% from the HFT. The 2-D calculation of the flanking loss in the vertical direction was 2.5 to
2.8% vs. 1.7 to 2.0% by the 1-D approach. The results from the HFTs on all three walls and the 1-D
estimate for the vertical flow through the OSB on the ridge edge were used to correct the energy balance.

Even though the total energy flow into or out of the metering chamber is corrected for flanking
losses, it is important to minimize the losses. Techniques to measure components of the flanking losses are
judged accurate to about £10%. If individual flanking losses are less than 5% of the total, each one affects
the accuracy of the total by less than +0.5%. Besides minimizing the flanking losses, the guard insulation
reduced the thermal load on the guard chamber around the metering chamber. More importantly, it
prevented relatively cold or hot spots around the perimeter of the metering chamber from generating
significant heat flow between the metering chamber and the guard chamber. This was also the rationale for
initially trying the slabs of foam insulation shown in the end view of Fig. 2 below the test section outside
the metering chamber.

The vertical pieces of fiberglass insulation shown on the upper part of the side view in Fig. 2 were
kraft paper faced. They sealed the ends of the attic space to prevent air flow along it except that from
natural convection currents inside it. Polyethylene was stapled over the ends of the half trusses at the ridge
edge also to seal the attic from air leakage. In the measurements with blown-in rock wool, polyethylene
was stapled and taped to the two trusses just beyond the metering chamber and a 16 in. (41 cm) thickness
of fiberglass batt insulation was wedged against them. The polyethylene provided an additional air seal



and prevented the rock wool from spilling out of the test section. The extra insulation minimized heat flow
into or out of the attic space through the gable ends when insulation over the trusses replaced the metal
roof.

The nominal Ry-7 fiberglass batts used inside the attic space in Configurations A, B and C were
24 in. (61 cm) wide and 2.25 in. (5.7 cm) thick when expanded. This matches the thickness on the
insulation package label. They were cut to the length from eave edge to ridge inside the attic. The bulk
density of two typical pieces was determined to be 0.53 Ib/ft® (8.5 kg/m®). The first layer for all
configurations was easily forced between the ceiling joists. The pieces for the second layer in the two-
layer fiberglass batt configuration were laid over the first layer in the same direction and butted closely
against their neighbors except where vertical and slanted trusses were joined to the joists. The gaps
persisted beyond the actual location of vertical and slanted trusses due to semi-rigidity of the batts. The
second layer was removed for the tests with the PEP insulation. Figure 3 shows the PEP insulation in
place in the test section; compare it to the view shown in Fig. 1. The PEPs that were made available by a
German manufacturer for the tests were approximately 0.79 in. (20 mm) thick, 30 in. (76 cm) long, and
wide enough (about 22.5 in. or 57 cm) to fit snugly between the 24 in. (62 cm) o.c. nominal 2 x 2 joists,
but could not butt against their neighbors in adjoining spaces between joists because of the trusses. The
top of each PEP, as seen in Fig. 3, was a heavy foil sheet. The perimeter of each panel consisted of a thin
strip of the foil about 0.5 in. (1.3 cm) wide, which was sealed to the edges of the shallow plastic container
for the silica powder material that formed the 20 mm thick body of the panel. The panel nearest the eave
edge in each space between joists rested with one of its narrow edges on the perimeter rail. The narrow
end of the middle panel overlapped those of its neighbors in the same joist space. The third panel
extended about six inches (15 cm) beyond the ridge edge through a slit in the polyethylene barrier placed
over the ridge edge (see Fig. 2).  The extension rested in a slot cut out of the EPS foam boards on the ridge
edge and was chinked with fiberglass.

Figure 4 shows the three layers of fiberglass batts that were placed on the ceiling as part of
Configuration C. Not shown in the figure is the fourth layer of fiberglass batts that completed the
configuration. The batts for this layer had the same thickness as the others but were wide enough so two
strips covered the entire area over the roof trusses. Wide tape held them together and they stayed in place
when the roof was rolled back over the trusses. This layer is called a ramble blanket because it prevents
the metal roof for manufactured homes from rattling in the wind.

For additional comparison of the insulation configurations and to emphasize the naming
convention for them used in this report, see Fig. 5. Note the air spaces that are shown over the ceiling
joists in the three Configurations A, B and C with fiberglass batts. They were created by the force fit of
layers of fiberglass batt insulation between the ceiling joists. Like the gaps between batts beyond the
places where the vertical and slanted truss members joined the joists, these spaces were not present when
the blown-in rock wool insulation of Configuration D was used instead of batts. Blown-in insulation fills
in such gaps and spaces when it covers the ceiling joists completely as it did here. The average thickness
of the blown-in rock wool was 4.1 in. (10.4 cm) compared to the 1.5 in. (3.8 cm) high joists.

8



SdAd UNM pue uoryensui prens p

*Bu[1ad a1) uo s))eq ssejdaaqyy Jo x| IAIUIS € J2A0 doeld u
UEB UOI)BJUILINIISU JO UOIJB[[B}SUI JDIJ8 UONJOIS 59} DUIOY paanjdejnuew ) Jo ydeadojoyq ‘¢ ‘S1x .

LAY

LG v
e

PO Lol

PO

O
oy

v*\.\ ¥ CV\.
S

S



‘Surp1ao aypy Jo do} U0 PIJIEISUI UOHEINSUE 1B SSEIBIDALY JO SIIAB] DAY} YHAM UO1JIIS 3523 dwioY paanjpuynusw ayp Jo yderdojoyd ‘p ‘314

QN N gy A
AR

P ofithe
PSR
Pl
¥ \X\

10

IR e 70

e
) !

3 " P N B . D
h . ¥ : RN AL,

§ RPN e, y 5 : . . 2 ¢ b 3 Rl ! g A T8 ;




SO TS B B UL
USOEHUNIUL sl

A. Two layers of fiberglass batt insulation on top of the ceiling.

B. Powder-filled evacuated panels (PEPs) on top of a layer of fiberglass batt insulation.

P i
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C. Three layers of fiberglass batt insulation on top of the ceiling and a rumble blanket
on top of the slanted roof trusses.

X

D.  Blown-in rock wool insulation at an average thickness of 4.1 in. (10.4 cm).

Fig. 5. Cross-sections of insulation Configurations A, B, C and D shown to scale between
pominal 2 in. x 2 in. (actual 3.8 cm x 3.8 cm) horizontal ceiling joists 24 in. (0.61 m) o.c. away from
the vertical and slanted truss members.
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3. INSTRUMENTATION IN THE TEST SECTION AND PROCEDURES

The manufactured home test section was equipped with 97 copper-constantan thermocouples to
supplement the thermocouples built into the upper and lower chambers of the LSCS for control and
monitoring purposes. Figure 6 shows the end and side views of the test section but without the dimensions
and other details in Fig. 2. Instead, the location of instrumentation is presented for the configuration with
two fiberglass batts. The batts are represented by the dashed lines on top of the gypsum ceiling in both
views. Six thermocouples were placed in the air directly under the ceiling to see how well the
temperatures they indicated matched those measured by the 20-member array of thermocouples in a
horizontal plane near the top of the metering chamber. Another 23 measured the temperature of the
surfaces inside the ceiling space above the plane of the top of the metering chamber. Eight thermocouples
were used to check the horizontal OSB temperatures and ensure that the temperatures outside the metered
area were not different enough from the metering chamber temperature to allow significant heat flow along
the OSB. Pairs provided temperature differences AT and were placed on the underside of the OSB on
each of the four sides. On the eave side, the pair was Ax = 8.5 in. (22 cm) apart; on the ridge side, 25 in.
(64 cm) apart; and, on the two ends, 13.5 in. (34 cm) apart. The gradients AT/Ax were multiplied by the
thermal conductivity of OSB and by the cross sectional area perpendicular to Ax to estimate the heat flow
along each OSB extension into the metering chamber. The amounts were negligible compared to the
measured total heat flow. There were 25 thermocouples to measure gypsum, joist and insulation surface
temperatures inside the attic space. The roof and aluminum siding temperatures were monitored by
23 thermocouples attached to the outside surfaces of the test section. The remaining 12 thermocouples
were for air temperatures directly above the test section.

To provide insight to the measurements, computer modeling was part of the data analysis. Several
temperatures near the eave edge were measured specifically to validate the model of the edge. The ceiling
and inside eave wall surfaces in the mid-plane of the test section in the side view of Fig. 6 were
instrumented with five thermocouples, one at the inside corner and the others at 1.5 in. and 3.0 in. (3.0 cm
and 7.6 cm) from the corner both horizontally and vertically. Six thermocouples were located outside the
test section on the aluminum siding at the level of or below the top plate. There were also two
thermocouples inside the attic space at the location where the top of the gypsum ceiling met the perimeter
rail that formed the heel. Averages were taken for the outside and attic edge temperatures.

The lead wires for the thermocouples that measured air temperatures both above and below the test
section were led along the respective surfaces and were bent ata 90° angle to the surface about 3 in.
(7.6 cm) from their measuring junctions to form unshielded air temperature probes. Lead wires for
thermocouples to measure surface temperatures Were lain along the surfaces in a direction judged to be
isothermal with the point of interest. The bead itself was taped to the surface with masking tape at the
desired location. If the surface was shiny metal, aluminum tape was used over the masking tape to match
reflectance. To keep the thermocouples in place on nonmetallic surfaces, staples were used to pin down
the lead wires without compromising their electrical insulation.
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The total heat flow through the test section was determined calorimetrically by an energy balance
on the metering chamber. Checks of the accuracy of the balance were performed as part of the tests. A
calibration panel, comprising a 4 in. (10.2 cm) thick layer of EPS with R-value known as a function of
temperature, was inserted into the LSCS. The metering chamber balance reproduced the panel’s R-value
of about 16 h-f2.°F/BTU (2.8 m*K/W) within +0.1 h-ft>-°F/BTU (x0.02 m*>K/W) at mean insulation
temperatures from 25 to 50°F (-4 to 10°C). Auxiliary heating was required to maintain a constant
temperature in the metering chamber under these conditions. This is called guarded hot box operation. At
summer conditions, cooling of the metering chamber was required to hold steady-state. This is called
guarded cold box operation. A special cooling loop was used to overcool the metering chamber so its
temperature could be controlled with heaters just like in guarded hot box operation. For optimum cooling,
which was determined empirically, R-values for the calibration panel were within £0.3 h-ft2-°F/BTU
(+0.06 m2K/W) of known values at mean insulation temperatures from 85 to 100°F (29 to 38°C). The
success of these accuracy checks indicates that there is no significant systematic error in the energy
balances on the metering chamber, since the operating conditions in all chambers were varied over the
same ranges and in the same manner for the calibration panel and the manufactured home test section.

In addition to the local heat fluxes from calibrated HFTs that were used to correct the total heat
flow for flanking losses over the end walls and the ridge wall, several other local heat fluxes were
monitored by HFTs placed as in Fig. 6. Three HFTs were used to monitor how close the heat flux was to
zero around the perimeter of the test section where there was no direct exposure to the metering chamber.
They were checked for behavior near zero heat flux by observing their steady-state response while held
between two 1 in. (2.5 cm) thick pieces of EPS on a workbench at room temperature. Two were installed
by taping them underneath the horizontal OSB outside the metering chamber. The slabs of EPS insulation
shown in Fig. 2 outside the metering chamber underneath the test section on the eave and ridge sides were
pushed against these HFTs in early tests, but later the EPS was removed to minimize heat leaks into the
metering chamber. With the boards in place, vertical heat fluxes into the guard chamber indicated by these
HFTs were low. However, the thermocouples there indicated that significant heat flow along the OSB into
the metering chamber was possible. There was more heat load on the guard chamber without this
insulation, but the temperature of the OSB was close to the guard chamber temperature and heat flow
along the OSB into the metering chamber was negligible. The third HFT was taped to the outside of the
polyethylene in the middle of the ridge side of the attic space. ‘The EPS that guarded the ridge side of the
test section was shoved against it. It showed small heat flux during all the tests.

Three more HFTs were especially calibrated for use inside the attic space of the manufactured
home test section. During calibration, they were taped to gypsum board and covered by two layers of the
nominal Rys-7 fiberglass batt insulation or the rock wool used for the base-case insulation configurations.
For all the tests, these three HFT's were taped in place on the top of the ceiling in the middle space of the
five spaces between trusses at varying distances out from the eave edge. In the first few tests with the two
layers of fiberglass batts, one HFT was placed against the perimeter rail while the other two were placed
about 0.4 and 0.8 of the distance from the rail to the ridge edge along the top of the gypsum. The latter
two sensors gave essentially identical results while the one at the edge yielded confusing data.
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Thermocouples on the ceiling near the edge HFT suggested a large horizontal temperature gradient at the
location so that the heat flow had a significant horizontal component. Calibration of the HFT's was done
with a uniform temperature above and below them to yield a calibration constant for vertical heat flux only.

For the rest of the tests, the HFT closest to the edge (designated HFT 1) was moved so its center
was 3.75 in. (9.5 cm) from the inside of the perimeter rail, that is, just beyond the edge of the nominal 2 X
4 top plate. For the other tests with a layer of fiberglass over the ceiling, another (designated HFT 2) was
located with its center at 13.75 in. (34.9 cm) from the inside of the perimeter rail, that is, a few inches
beyond the end of the region in which the roof atop the trusses compressed the two layers of fiberglass
batts comprising Configuration A. For the rock wool tests, HFT 2 was moved so that its center was 8 in.
(20 cm) from the inside of the perimeter rail. This was where the rock wool was at half the eave edge
thickness. For all tests except the few at the beginning, the center of the third (designated HFT 3) was
located 35.75 in. (90.8 cm) from the inside of the perimeter rail. At this location all configurations, even
Configuration C, had enough room to expand.

As seen in Fig. 6, thermocouples were located beside each HFT inside the attic space at the same
distance from the perimeter rail as the center of their respective HFTs. To yield a temperature difference,
thermocouples were also located directly above HFTs 2 and 3 on top of the insulation. Roof temperature
was used for HFT 1. This placement of HFTs and thermocouples gave data to estimate center-of-cavity R-
values of the insulation configurations and apparent insulation R-values near the eave edge of the test
section.

The initial tests with the manufactured home test section used two layers of fiberglass batt
insulation on top of the gypsum ceiling between the ceiling joists and trusses. In these tests, HFTs 2 and 3
were approximately 0.4 and 0.8 of the distance from the inside edg},e of the perimeter rail to the peak,
respectively, in the middle of the space between the centermost joists. Thus, both of them were covered by
two expanded fiberglass batts. According to the label information on the insulation package, the nominal
(at 75°F or 24°C) R-value of one batt is Rys-7 (Rg-1.2) at a thickness of 2.25 in. (5.7. cm), which was the
observed thickness. Fig. 7 shows R-values as a function of mean insulation temperature. The R-values
from HFTs 2 and 3 are computed from A7/g, where AT is the difference in temperatures indicated by the
thermocouples on top of the insulation and beside each HFT and g is the measured heat flux. R-values
from HFTs 2 and 3 for tests at winter conditions and a summer condition are plotted. The mean
temperatures of the insulation are the averages of the thermocouple readings used for the ATs.

The solid line in Fig. 7 is from a correlation by Wilkes (1979) for the R-value of fiberglass batt
insulation that is L = 4.5 in. (11.4 cm) thick with area A = 1 ft? (0.093 m?) and nominal density Py =
0.624 b/f (10.0 kg/m®). In equation form,

L

R === with kygoy = 0.19815 + 0.001575:p/ P,y + 011686200/ P
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Fig. 7. Results from the heat-flux transducers HFTs 2 and 3 in tests at winter conditions
and a summer condition compared to a correlation by Wilkes and data obtained during
calibration of HETs 1,2 and 3.

and ky = ks exp[(0.0020201 +0.0018486-p,,, /pHT ~75)] o)

where R is the R-value in h-ft>-°F/BTU,
L is the thickness in inches,
A is the areain ft2,
k is the thermal conductivity in BTU-in./(h-ft>-°F),
p is the density in Ib/ft’, and
T is the temperature in °F.

Equation (1) best fits the data in Fig. 7 with density p = p,,, = 0.624 1b/86 (10.0 kg/m?). Itis used
throughout this report to calculate the R-value of fiberglass batts as a function of temperature and density.
We measured density p = 0.53 Ib/ft® (8.5 kg/m?®) for the fiberglass batts used in the experiments. The
density difference is attributed to a difference in fiber diameters. With nominal thermal conductivity k.o, =
0.32 BTU-in./(h-ft2-°F) [0.046 W/(m-K)] at 75°F (24°C), the ASHRAE Handbook of Fundamentals gives
diameter of about 20x107 in. (0.005 mm) at p = 0.53 Ib/ft® and diameter of about 28x107 in. (0.007 mm)
at p = 0.624 1b/f (ASHRAE 1993). The smaller fiber diameter is more typical of current fiberglass batts;
the larger fiber diameter is typical of fiberglass batts described by Eq. (1) (Wilkes 1995).
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The additional point at 75°F (24°C) in Fig. 7 is the R-value of a specimen of two layers of the
same fiberglass batts as were used to insulate the ceiling cavity of the test section. The specimen was cut
in the shape of a2 ft (0.61 m) square for use in a heat flow meter operated in accordance with ASTM C
518 (ASTM 1991) to calibrate HFTs 1, 2 and 3. HFTs 2 and 3, along with the respective temperature
differences, yielded R-values that agree within 0.4 hoft> °F/BTU (£0.07 m*>K/W) of the correlation. This
uncertainty corresponds to a +0.125-in. (x0.32-cm) uncertainty in the thickness of the fiberglass batts.
Spot checks with a ruler for a batt of the fiberglass laid on the laboratory floor showed this much variation
in its thickness. The correlation, in turn, agrees within the same error with the data from heat fluxes and
temperature differences between the plates of the heat flow meter during HFT calibrations.

The agreement in Fig. 7 among the R-values using the HFTs and the heat flow meter is assurance
that the heat-flux transducers and thermocouples in the test section produced accurate data for the center-
of-cavity R-values with acceptable scatter from HFT to HFT. In the spreadsheets used for data analysis,
working graphs and inspection of the maximum, minimum, average and standard deviation of results over
the time range for steady-state at each set of imposed conditions were used to assure accurate data and to
estimate the precision of the data.

To check the behavior with increasing density of the fiberglass batts used in the tests against Eq.
(1), data were obtained for two batts at 75°F (24°C) and no compression, 10% compression and 20%
compression in accordance with ASTM C 653 (ASTM 1992a). These data and an additional point at 75%
compression are shown in Fig. 8. The solid line shows the behavior of Eq. (1) at 75°F (24°C) over the
range of p/p,., needed to predict compression effects at the edge of the test section. The dashed curve fits
the points at no compression and 20% compression and is forced to have a minimum at p = 2 Ib/ft® (32
kg/m®), which is the density for a minimum observed by Desjarlais ez al. (1980). The additional point
measured at high density agrees with the dashed curve. Using Eq. (1) to predict the effect of compression
gives thermal conductivities that are higher than the dashed curve by at most 10% of k,, over the range
shown in Fig. 8. Equation (1) is based on data for many samples of fiberglass batts albeit ones older than
the fiberglass batts used in these tests.
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Fig. 8. Comparison of the effect of increased density in the correlation of Wilkes at p,, =
0.624 1b/Et3 to data for the fiberglass batts with p,., = 0.53 Ib/ft’ used in the tests.
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4. RESULTS OF TESTS AND DISCUSSION

4.1. TESTS WITH THE TWO-LAYER FIBERGLASS BATT CONFIGURATION AND WITH
PEPS ON TOP OF FIBERGLASS BATTS (CONFIGURATIONS A AND B)

A listing of the sets of temperatures imposed during the tests is shown in Table 1. Names for the
tests start with W1, W2, W3 or S2. An “A” “B”, “C” or “D” suffix is added to designate the insulation
configuration of Fig. 5. An «p suffix denotes a repeated run at conditions and insulation configuration
identical to a run without the “r” suffix. An “x” suffix means an extended run with new insulation features
such as additional sheathing. The order of tests with the two layers of fiberglass batts was W2A, WIA,
W3A, W1Ar, S2A, W2Ar and S2Ar. The repeated run W1Ar was done between W3A and S2A to check
reproducibility. The location of the HET's was then changed and the repeat test, W2Ar, was done after
S2A as a check before installing the PEPs as a replacement for one layer of fiberglass batts. S2Ar was
done several months later after a new cooling loop was installed in the metering chamber. The order for
the runs with the PEPs on top of a layer of fiberglass batts was W2B, W3B, W1B, W1Brand W2Bx.

W1B and W1Br were the runs just before and immediately after the empty space next to the OSB walls
and over the guard chamber was filled with fiberglass batt insulation. The latter verified that less heat was
flowing between the climate and metering chambers after these walls were insulated.

Table 1. Temperatures imposed in the chambers of the Large Scale Climate
Simulator for tests with the manufactured home test section

Winter Climate Chamber Metering and Guard Chambers

Wi 25°F (4°C) 75°F (24°C)
w2 0°F (-18°C) 75°F (24°C)
W3 -25°F (-32°C) 75°F (24°C)
Summer Climate Chamber Metering and Guard Chambers
S2 125°F (52°C) 75°F (24°C)

Figure 9 shows the comparison between the center-of-cavity R-values for Configuration A, using
the averages of the data from HFT 2 and HFT 3, and Configuration B with PEPs, using data from HFT 2
only. Center of cavity means well away from any effects at the joints between the PEPs or effects at the
joists for both systems. HFT 3 was near a joint between PEPs. The mean temperatures of the two
configurations were slightly different despite nominally identical chamber conditions. The differences
between the center-of-cavity R-values for the fiberglass batt and PEP (Configuration B) and half the values
for the two fiberglass batts (Configuration A) were taken at the three sets of almost equal mean
temperatures. The layer of fiberglass was compressed about 0.125 in. (0.32 cm) under the PEP, which is
heavier than another layer of fiberglass. The effect on R-value of this compression was ignored. The solid
curve drawn on Fig. 9 approximates the R-value of the PEP alone, which has a thickness of about 0.79 in.
(2.0 cm). Itis thermally equivalent to two layers of fiberglass batts with an expanded thickness of 4.5 in.
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Fig. 9. Comparison of R-values for the fiberglass batt insulation and PEPs in tests at winter
conditions.

(11.4 cm). The minimal temperature dependence shown by the R-value of the PEP allows an estimate for
its nominal (75°F or 24°C) value: about Rys-16 (Rg-2.8) or Rys-20 per inch (Rg-1.4 per cm).

An energy balance on the metering chamber of the LSCS is used to calculate an R-value for the
system. For these tests, it is defined as

R

system

= ATA/Q @

where  .AT is the difference between the average air temperatures above and below the test section,
A is the inside surface area of the test section exposed to the metering chamber, and
Q  is the net heat flow through this area.

Because a correction is made for heat flow through the insulated surfaces around the perimeter of the test
section, the area is simply taken as the sum of the ceiling area and the area of the stub wall above the EPS
insulation on the eave side. The ceiling area is 96 in. x 76.25 in. (2.44 m x 1.94 m) and the exposed stub

wall area is 96 in. X 2.5 in. (2.44 m x 0.064 m), totaling 52.5 fi*(4.89 m?). The stub wall contributes only
3.2% to the total area.

The stub wall is insulated with nominal Rys-11 fiberglass batt insulation. If there were neither any
effects of joints, joists and studs nor any effects of the thermal bridge or reduced insulation R-value at the
edge of the test section, the effective R-value of the insulation would be given by

A/l qu = Aceilbzg/RceiIing + Ay /R 3)

where the wall area 4, is small compared to the ceiling area 4, ,;;,,. In this one-dimensional, parallel path
approach, in U.S. units, R,;= 15.8 if R_.;,, = 16 (Configuration A), and R 7= 23.1 if R eise = 24
(Configuration B), due to the small wall area. Besides neglecting thermal shorts, these estimates of the

20



and bordering any spaces where insulation does not touch the roof. For summer conditions, radiant barrier
effects due to the metal roof (with an estimated reflectance of 0.77) are discussed later in the section on
results with the blown-in rock wool insulation, but do not affect the rough estimates with Eq. (3). The
thermal bridge horizontally at the eave, the reduced insulation R-value vertically at the eave edge (due to
lack of room for insulation or compression effects) and the difficulty of insulating near the trusses
contribute to a reduction of the system R-value below the center-of-cavity R-value over the ceiling.

Figure 10 shows the system R-values, obtained from measured temperatures and the metering
chamber heat flow corrected using Eq. (2), and compares them to center-of-cavity R-values. The two-layer
fiberglass batt system, Configuration A, allows effects of both compressed insulation and the thermal
bridge at the eave edge. There are also effects of the gaps where the second layers of fiberglass could not
butt against each other due to interference by the slanted and vertical truss members. The system R-values
average 12.2 and show no significant temperature dependence. They are 72 to 77% of the center-of-cavity
R-values at the winter conditions. The summer value is 92% of the corresponding center-of-cavity value
due, we believe, to a radiant barrier effect of the metal roof.

Configuration B is subject to the effects of the horizontal thermal bridge at the edge, but the
insulation at the edge is not compressed like in Configuration A. Because the PEPs did not cover the top
of the ceiling joists while the second layer of the fiberglass batts did, the effects due to lack of insulation
over the joists are likely more severe for the superinsulation configuration. There are also two joints
between PEPs in each space along the span from eave to ridge. The net result is a slight increase in system
R-value to an average of 12.6 compared to 12.2 for the two layers of fiberglass batts. The system R-value
is 49 to 53% of the higher center-of-cavity R-value for the PEPs at winter conditions. PEPs were not
tested at summer conditions.

The 95% confidence interval for the system R-values with both Configurations A and B is
+0.5 h-f&°F/BTU (£0.09 m*K/W) from twice the typical standard deviation of the R-values measured
over the steady portion of each test. For measurements with uncertainties due to systematic errors, us, and
due to precision errors, up, overall uncertainty is uy = (ug? + u;%)*(Coleman 1989). In the absence of
significant systematic errors in the metering chamber energy balance, the flanking losses, temperatures
across the test section and the area of the test section, uy, reduces t0 Up. Precision error can be estimated as
Student’s test statistic multiplied by the standard deviation of the average. Data for the averages were
recorded every four minutes for at least 12 hours of steady-state operation. Thus, Student’s test statistic for
95% confidence has the value 2. The R-value for the PEP system is largest at its highest mean insulation
temperature. Since the value is within the confidence interval about the average of the system R-values, it
is likely due to scatter rather than an indication of the system’s temperature behavior.

The reason why the PEP system does not show a significant improvement in system R-value was
postulated to be effects at the eave edge and over the joists and joints. Run W2Bx was done to test the
hypothesis. Figure 11 showsa photograph of measures taken for this run to improve the insulation
coverage over the joists and joints. EPS blocks were sawed to a 4 in. x 4 in. (10 cm x 10 cm)
cross-section, cut to the length between vertical truss members and tapered to fit under the slanting truss
members. Other lengths were cut to fit crosswise over the joints between PEPs. Strips of Rys-7 fiberglass
were installed under the EPS blocks and all joists and joints were covered snugly. To lessen the edge
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Fig. 10. Comparison of the R-values across the center-of-cavity insulation with the
system R-values for Configurations A and B.

effects, pieces of 0.75 in. (1.9 cm) thick XPS sheathing were cut to cover the edge of the test section under
the aluminum siding. Other pieces were placed on top of the trusses from the edge to about 20 in. (51 cm)
from it. When steady-state conditions were achieved for Run W2Bx, the system R-value was Ry;-15.3
(Rs-2.7), 23% better than the original Rys-12.4 in W2B. The solid square in Fig. 10 shows this result.

The run continued after data for this result were obtained. The pieces of XPS sheathing atop the trusses
were removed for the continuation. Steady-state conditions yielded Rys-14.9 (Rg-2.6); that is, 3.2% out of
the 23% improvement was due to covering the trusses with XPS. This is a relatively small effect which
confirms that the PEPs do a good job of insulating the eave edge of the test section vertically. More
discussion of this feature is presented in overall comparisons of the configurations with fiberglass batts
after the following discussion of results with Configuration C.

4.2. TESTS WITH FOUR LAYERS OF FIBERGLASS BATTS (CONFIGURATION C)

For the series of tests with Configuration C, tests designated W2C, W3C, WiC, S2C and W2Cr
were done without the extra vertical XPS sheathing at the edge. W2Cr followed S2C to check
reproducibility in case the summer conditions had caused moisture to collect at the bottom of the roof
cavity. The extra edge sheathing was replaced for Run W2Cx. It was removed again for S2Cr, done
several months later after a new cooling loop for the metering chamber was installed. For all the tests in
this series, the fourth layer of fiberglass batts placed on top of the trusses allowed another nominal Rys-7
layer of insulation between trusses. Over the trusses themselves, however, it was compressed to a
thickness of about 0.25 in. (0.64 cm). Using Eq. (1), its R-value at this thickness is estimated to be only
Rys-1.2 (Rg-0.21) at 40°F (4°C), a typical mean temperature of the insulation in these tests. Nonetheless,
the compressed insulation does provide a break in the thermal bridge through the trusses especially near
the eave edge where the roof trusses and ceiling joists are joined by metal plates (see Fig. 1).
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Figure 12 shows the results from this series of tests with the four layers of fiberglass added to the
data in Fig. 10 from the first two series of tests. The range of insulation mean temperatures has been
extended slightly from the range in Fig. 10 to include data for Run S2Cr. Only center-of-cavity data were
obtained in the original S2C and they agreed to three significant figures with the data for S2Cr. The data
drawn as open circles for the four nominal Ry;-7 fiberglass batts show that the rumble blanket is not quite
as effective in the center of the cavity as another layer of insulation on top of the ceiling. If four layers of
this insulation were expanded and working in series like two layers, the R-value for four layers would be
twice that for two layers. Data in Fig. 12 show four layers to be 1.85 to 1.95 times as good as two layers,
despite the effect of R-value from the dead air in the gaps between the third layer and the rumble blanket.
A possible explanation is that the rumble blanket is not expanded between the trusses as much as the layers
on the ceiling because the roof holds the rumble blanket in place over the trusses. With the roof in place, it
was impossible to visually inspect the rumble blanket.

Considering the whole system, the rumble blanket works as a thermal break in the bridge through
the trusses, especially near the eave edge. The system R-values for the four fiberglass batts are a
significant improvement over what was achieved for two layers alone and for the PEPs atop one layer:
system R-values at winter conditions from Ry-16.8 to 18.6 (Rg-3.0 to 3.3) and 15.9 (2.8) at the summer
condition rather than between 12.0 and 12.7 (2.1 and 2.2). The ratios to the higher center-of-cavity R-
values are 55 to 59% both winter and summer. The radiant barrier effect with two layers of batts was not
noticed with the rumble blanket against the roof. Moreover, the addition of the 0.75-in. (1.9-cm) thick
XPS sheathing (with nominal Ry¢-3) just to the vertical eave edge in Run W2Cx produced an extra Rys-1.6
(Rs-0.28) for the system and improved the system R-value by 9% to Rys-19.2 (Rg-3.4) This point is
shown as a solid circle in Fig. 12.

4.3. OVERALL COMPARISONS FOR CONFIGURATIONS A,BAND C

The results of an additional calculation of system R-value are shown as a solid star on Fig. 12.
HUD manufactured housing construction and safety standards require compliance with an upper limit on
the overall U value of the roof/ceiling, walls and floor. The limit varies with location, specified as one of
four zones in the continental United States. For the roof/ceiling, center-of-cavity insulation R-values and
inside and outside film resistances, all at 75°F (24°C), are used with parallel path corrections for insulation
compression and framing effects. The method is specified in 2 companion HUD manual (Conner 1992).
For this test section, including the stub wall on the eave edge, the system R-value for insulation
Configuration A by this method, called the HUD method in Fig. 12, is estimated to be Rys-14.8 (Rg-2.6).
This is 21% higher than the measured temperature-independent average of 12.2 for this system. In fact, by
rough interpolation of the system results for Configurations A and C, a fiberglass batt system comprising
two layers on the ceiling and a rumble blanket would be required to match results by the HUD method for
two layers alone on the ceiling.

The temperature variation of the center-of-cavity R-values for Configurations A and C are

consistent with each other and with the expected decrease in the thermal resistivity of fiberglass as
temperature increases. Lack of variation with mean insulation temperature of the system R-values at
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Fig. 12. Comparison of the R-value across each of the three fiberglass batt-based
insulation configurations with its system R-value.

winter conditions for Configurations A and B indicates that the non-temperature dependent effects at the
edge and through joists and joints dominate.

Although the system with PEPs shows the lowest ratio of system to center-of-cavity insulation
R-value of the three fiberglass-based configurations, it provides high insulation value in the vertical
direction near the eave edge. To illustrate this feature, Fig. 13 compares data for R-values across the
insulation above HFT 1, at the edge of the nominal 2 x 4 top plate, with R-values across the uncompressed
insulation in the center of cavity. The shaded lower bars show apparent R-values at the edge, produced
from the measured temperature differences across the insulation at the edge divided by the heat flux from
HFT1. The unshaded bars show the center-of-cavity R-values from Fig. 12. The trend for the center-of-
cavity R-values going from Configuration A to B to C is clearly different from the trend through HFT 1 at
the edge. HFT1 was not at the edge of the top plate for tests W1A and W3A. To get the data shown as
dashed lines, data for all three conditions with Configuration C were used to establish a slope vs.
condition and, with data for W2A, produced the estimated data for W1A and W3A. The shaded and
bolded bars for Configuration B at the edge show higher R-values than do the shaded bars for either
Configuration A or C. The claim, based on the photograph in Fig. 1, is that Configuration B with the PEPs
causes no significant compression effects at the edge. The two layers in Configuration A are moderately
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Fig. 13. Effect of insulation compression at the eave edge on the apparent R-value for
Configurations A and C compared to the lack of effect for Configuration B.

compressed at the edge. There is severe compression for Configuration C. However, all configurations
show the effect of the horizontal thermal bridge at the edge, which keeps the gypsum under HFT 1 cooler
than under HFTs 2 or 3 and indicates more heat flux through HFT1. For Configurations A and B, the
predicted effect of compression is shown by solid circles at each condition. These R-values are calculated
from the thickness divided by thermal conductivity from Eq. (1) as a function of temperature and density.
The remaining amount of difference from the solid circle to the top of the shaded bar is due to horizontal
effects at the edge. Configuration A, which does not do as good a job of insulating the edge as
Configuration C, shows that more of the difference must be explained by horizontal effects. All of the
difference for Configuration B must be explained by horizontal effects. For this configuration, the eave
edge is not filled with insulation. It is reasonable that Configuration B shows the most decrease in R-value
that must be explained by a horizontal thermal bridge at the edge.
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4.4. TESTS WITH BLOWN-IN ROCK WOOL (CONFIGURATION D)

Subsequent to the initiation of tests with the fiberglass batt configurations in the manufactured
home test section, our industrial CRADA partner began to insulate attics with blown-in rock wool. We
added a test series with this same product to compare to the fiberglass batt-based series. Of particular
interest was the ability of blown-in insulation to cover the ceiling joists uniformly except where the slanted
and vertical truss members connected to the joists. Insulation was added to the rock wool in this series,
including EPS boards and PEPs, but it was placed over the top of the trusses instead of on top of the rock
wool. :

It was more difficult to duplicate the rock wool configuration used by our industrial partner than it
was to duplicate their two layer fiberglass batt configuration. Several bags of the rock wool they use were
obtained from them and we observed their technique of installing it. We had them fill a box of known
volume and determined that their average as-blown density was 2.5 Ib/ft® (40 kg/m®). We have the same
make of blowing machine as they and used the same settings for air pressure, gate opening and auger
speed. Our technique yielded 2.4 Ib/ft* (38 kg/m®) as the average density in our small test section, with a
value of 2.3 Ib/ff* (37 kg/m®) measured in the center of cavity. The information on the label for each bag
of the product implies that the as-blown density should be 1.4 Ib/ft’ (22 kg/m’). We attempted
unsuccessfully by blowing machine adjustments and by passing material through the machine twice to
achieve this low density. Since our industrial CRADA partner achieved about the same density as we did,
the average density of 2.4 Ib/ff® (22 kg/m®) was accepted.

Our industrial CRADA partner puts in enough material per unit area of attic, with no allowance for
truss volume, to achieve an average R-value of Rys-21 h-fi>°F/BTU (Rg-3.6 m*K/W) at a density of 1.4
1b/£€ (22 kg/m®) and temperature of 75°F (24°C). We installed the same amount per unit area, also with no
allowance for truss volume, and achieved an average thickness of 4.1 in. (10.4 cm) with a center of cavity
thickness of 4.6 in. (11.7 cm). There was less thickness near both the eave and the ridge. Excess rock
wool blown over the trusses near the eave was pushed toward the middle of the test section to avoid
compression when the roof was put back. The average thickness in the 20% of the test section near the
eave was measured as 3.4 in. (8.6 cm). Our blowing technique for this small test section yielded greater
insulation thickness in the middle of the test section than near the ridge. After pushing material higher
than the trusses near the edge back toward the middle, the middle and ridge coverage was evened out
manually. Measurements at the end of the tests.showed an average thickness for the 40% of the test
section near the ridge of 3.8 in. (9.7 cm).

Our center-of-cavity R-value, interpolated to 75°F (24°C) from measurements described below,
was 12.5 h-fi2°F/BTU (2.2 m>K/W) . To estimate the center-of-cavity R-value achieved by our industrial
CRADA partner, consider Fig. 14. The curve shown as a solid line on the figure is quoted by McElroy et
al. (1987) as the average from 10 different rock wool products studied by Bomberg. The curve shown as a
dashed line is the solid curve less 0.8 at each point in order to pass through our center-of-cavity result and
two additional data by Yarbrough and Toor (1983). By ratios to our results and our measurement of our
CRADA partner’s average density, we estimate their center-of-cavity density as 2.4 Ib/f (38 kg/m®) and
center-of-cavity thickness as 4.4 in. (11.2 cm). Using the dashed curve on Fig. 14, their center-of-cavity R-
value is then 12 h-f2°F/BTU (2.1 m*K/W). This is less than the nominal Rys-14 center-of-cavity
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Fig. 14. Effect of density on the R-value per unit thickness of rock wool insulation.

R-value of the two layers of fiberglass batt insulation. More significantly, neither of us is achieving Rys-21
that the bag label promises if the as-blown density is 1.4 Ib/fe (22 kg/m®).

Despite the high as-blown density, the rock wool covered the nominal 2 in. x 2 in. (actual 1.5
in. x 1.5 in. or 3.8 cm x 3.8 cm) ceiling joists without gaps except where vertical and slanted truss
members were joined to the joists. A series of tests was done with the rock wool under the standard metal
roof of the test section to determine system performance, including a check if the ratio of system to center-
of-cavity R-value was improved over the 72 to 77% range at winter conditions and 92% at the summer
condition with Configuration A. The order of the tests was W2D, W3D, W1D and S2D. System R-values
are shown on Fig. 15 along with one of three sets of center-of-cavity results. Two more sets are shown on
Fig. 16. The solid curve is a linear regression of the inverse of all the center-of-cavity R-values with mean
insulation temperature. At 75°F (24°C) this curve yields the Rys-12.2 (Rg2.1) quoted above. Comparing
system results in Fig. 15 to those for the two layer fiberglass batt configuration in Fig. 10, the rock wool
system at winter conditions shows more scatter about the average value of Rys-9.5 (Rg-1.7). The 95%
confidence interval of 0.5 h-ft>°F/BTU (+0.09 m?-K/W) estimated for the system R-values of
Configurations A and B is the same for Configuration D. Tests W3D and W1D at the low and high winter

28



16 [} i ) i ] I i i []
Center of Cav1ty m
- — Fit through All Center of Cavity Syste g
% Blown-in Rock Wool+Metal Roof 4
5 14 \;\
z <
Z B 7\\\ -
& 12 — | X
<
'g = ]
g
~ 10 =+ +
i 4 + i
8 [] 1 1 i ] 1 ] T
20 30 40 50 60 70 80 % 10
Mean Temperature of Insulation (°F)

Fig. 15. Comparison of the R-value across the center-of-cavity insulation with the
system R-value for Configuration D.

mean temperatures, respectively, show a system R-value at the lower limit of the confidence interval about
the average while Test W2D at the middle winter mean temperature shows a system R-value at the higher

limit.

A summary comparison of results from the two base-case configurations is as follows:

Configuration Condition  Center-of-Cavity Ry System Ry System/Center
. Rs) Rs) (%)
A. Two FG Winter 15.6-17.2 (2.7-3.0) 12.0-12.4 (2.1-2.2) 72-77
Batts Summer 13.2(2.3) 12.1 (2.1) 92
D. Rock Winter 13.0-14.0 (2.3-2.5) 9.1-10.1 (1.6-1.8) 65-74
Wool Summer 12.4 (2.2) 9.9 (1.8) 80

The system/center ratios for the rock wool are lower than for the fiberglass, implying that the average
insulation coverage is poorer with the rock wool. Although the rock wool covered the joists more
uniformly than the fiberglass batts, our measurements of the smaller rock wool thickness in the 40% of the
test section near the ridge showed that it had 17% less insulation than the middle 40% of the test section.
Also, the eave edge could be thermally less protected by the rock wool than the fiberglass batts. Because
excess rock wool blown over the trusses near the edge was pushed toward the middle of the test section
before the roof was rolled back in place, compression of rock wool was avoided but there was 26% less
insulation thickness in the 20% of the test section near the eave edge than in the middle 40%. How much
effect the edge has on the system/center ratio is discussed later after a model of the edge is constructed and

validated.
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4.5. TESTS WITH EPS AND PEPS OVER THE TRUSSES AND BLOWN-IN ROCK WOOL IN
THE ATTIC CAVITY

The principal lesson from the series of tests of Configuration B, PEPs on top of a layer of
fiberglass batts, was that significant framing effects were present with the type of PEPs used in these tests.
They left the joists and joints between panels underinsulated. As a prelude to tests with a more continuous
layer of PEPs on top of the trusses, a first series of extensions of the base-case runs with Configuration D
was done in the order S2Dx1, W2Dx1, W3Dx1 and W1Dx1. Two 0.625 in. (1.6 cm) thick EPS boards
were put over the trusses. Joints were sealed with masking tape. The thermocouples from the top of the
metal roof were placed on the top layer of EPS. The metal roof was not used. The density of the EPS was
measured as 1.09 1b/ft (17 kg/m®) and the nominal R-value of each layer estimated as 2.3 h-ft2.°F/BTU
(0.39 m2-K/W) (ASTM 1992). In addition, with about Rys-5 (Rg-0.9) of insulation R-value on top of the
trusses, the metering chamber energy balance was corrected for flanking losses around the attic space.
These losses were estimated from temperature differences and R-values across the guard insulation and
included in the cormrections before calculating the system R-value by Eq. (2). The attic space was unvented
so it should act like a dead air space between the insulation on the ceiling and the insulation over the
trusses.

Figure 16 shows the R-values measured with the two layers of EPS over the trusses but no metal
roof. The center-of-cavity results shown as bold x’s are for the rock wool insulation on top of the ceiling
during these tests. The best fit line and first set from Fig. 15 are repeated for comparison. The system R-
values from Fig. 15 are repeated, too. The system R-values with the additional EPS insulation over the
trusses, represented by the bold +’s, show a 9% improvement at winter conditions and a 7% improvement
at the summer condition. This is despite the addition of about Rys-5 (Rg-0.9) of insulation, that is, almost
a 40% increase in the insulation R-value through the center of cavity.

The effect of no metal roof in the first extended runs was investigated in a second series of
extended runs S2Dx2, W2Dx2, W3Dx2 and W1Dx2. A layer of wide aluminum foil, marketed as radiant
barrier material, was attached with contact cement to the bottom of the lower pieces of EPS. Another layer
was laid over the top pieces. Total emittance data for metals yields a reflectance of 95% for polished
aluminum while bright galvanized metal has a 77% reflectance (Sparrow 1970). The results for the second
extension runs are shown with boxed symbols on Fig. 16. The center-of-cavity results are slightly higher
than the values from the first extension runs. The system values are 22% better at the winter conditions
than the base-case values and 29% better at the summer condition.

For the extended runs with the blown-in rock wool, some thermocouples were moved from the top
of the roof to locations under the bottom layer of EPS then under the bottom foil. Others were moved to
the middle of the EPS. Some of these relocated thermocouples allowed temperature differences AT to be
measured across the attic air space when EPS layers then foil were added. Assuming that the heat flux q
through the center of cavity away from the eave edge flows up through the roof, effective R-values for the
air space were estimated by AT/q for the situations with the metal roof, with no metal roof and with the foil
under and over the EPS layers. The resulting effective R-values of this unvented attic air space are as
follow:
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Fig. 16. Results for runs with Configuration D including addition of EPS, foils and
PEPs on top of the trusses.

Roof Configuration Winter Ryg Summer Ryg
Rsp) Rsp
Base Case: Metal Roof Only 3.3(0.6) 5901.0)
Extension 1: Two EPS Layers 1.3(0.2) 1.3(0.2)
Extension 2: Two EPS + Foils 2.3 (0.4 7.3(1.3)

It appears that any potential increase in the system R-value in the first extension runs due to the addition of
about Rys-5 (Rg-0.9) by the EPS layers is effectively negated by the lack of a radiant barrier effect with no
metal roof, especially for the summer condition. The presence of the bottom foil noticeably helps the
winter air space effective R-value and significantly helps the summer one. Yet, in both extension runs, the
system R-value does not benefit by Rys-5 (Rs-0.9) because the underprotected eave edge presents a lower
resistance path for heat flow between the climate and metering chambers that becomes more preferable as
the effective attic space and roof insulation R-values increase.
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A final set of runs with the rock wool insulation was done with the top layer of EPS on the trusses
replaced by a layer of PEPs, which was covered by the top foil. The PEPs were placed alternately foil side
up and down in a checkerboard pattern. This placement allowed sufficient overlap of the PEPs so there
should have been little effect of the thin foil strips at the edges on the R-value through the PEPs. Recall
from Fig. 9 that the center-of-cavity R-value for the PEPs used in this study was about 16 h-ft*°F/BTU
(2.8 m>K/W). Unfortunately, the PEPs were slightly warped after the tests with Configuration B so
placing them alternately with foil side up and down still caused air gaps between PEPs. Compared to the
base-case results, the improvement in system R-values with the PEPs was 20% for the winter conditions
and 51% at the summer condition. Figure 16 includes these data, shown as very bold -+’s.

The lesson from simple parallel path methods and reinforced by these measurements is that it is
futile to try to improve system R-value by adding center-of-cavity R-value when significant thermal
bridges or reductions in insulation R-value exist. In these extensions to the base-case tests with the blown-
in rock wool insulation, the eave edge remained thermally underprotected. With the PEPs inside the attic
space, a somewhat practical fix was to add sheathing at the edge and over the joints between PEPs.

Figure 12 showed that this improved the system R-value by 23% at winter conditions. With the whole top
of the test section insulated by a layer of EPS and PEPs, a more drastic and less practical fix was tried to
match the amount of edge insulation to that over the trusses. Additional boards of EPS like the ones
shown in Fig. 2, which insulated the ridge edge and the lower part of the stub wall at the eave edge, were
stacked at the eave edge so they protected all of it like the ridge edge. The boards were almost as wide as
the board guarding the lower part of the edge and extended several inches above the top of the roof at the
edge. There was a gap between the edge and the top board because the PEPs extended slightly over the
eave edge. Nonetheless, at the mid-winter condition, the system R-value for this final situation was
Rys-14.3 (Rg-2.5); at the summer condition, it was Ryg-19.4 (Rg-3.4). These R-values are 51% and 95%
better, respectively, than the base-case results with only the metal roof over the trusses and rock wool
insulation over the ceiling.
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5. MODELING WITH HEATING 7.2 AND ASEAM 3.0
5.1. EDGE MODEL

The experiments have shown that better insulating features at the eave edge could be important for
improving the thermal performance of the roof/ceiling in a manufactured home. To evaluate the efficacy
of such features, valuable insight can be gained by knowing the heat flow through the edge.

Unfortunately, local measurements with an HFT at the edge did not yield reliable data because of the two-
and three-dimensional effects that seemed to occur there. The total measuremerit for the test section did
not give the detail necessary to isolate the effects at the eave edge from effects over the joists and, for the
PEPs, over the joints in the insulation.

HEATING 7.2 (Childs 1993), a three-dimensional, transient heat conduction program, was used to
model the 24 in. (0.61 m) width between the centers of two adjacent joists for insulation Configurations A
and B. Horizontally, the model of the edge included the region from outside the test section to a vertical
plane 4.125 in. (10.5 cm) toward the ridge edge measured from the inside corner of the ceiling. Vertically,
the region extended from just above the roof to a horizontal plane down 7.5 in. (19.1 cm) from the inside
of the ceiling. The components of the test section in this region included all of the insulation compressed
by the roof in Configuration A and enough of the stub wall to include all the heat flowing through it. The
thermal properties of the construction materials and insulations are considered well known from values in
the literature (ASHRAE 1993) or from our measurements. Thus, the accuracy of the edge model is
primarily dependent on how well the complicated geometry is modeled and how well the boundary
conditions are specified. The latter is a particularly difficult task because of the geometry itself, which
causes uncertain flow patterns over the boundary surfaces as air circulates in the climate and the metering
chambers.

To validate the model, our approach was to model the edge region, impose the measured inside
and outside air temperatures and run the model on test cases. Several temperatures were measured for use
in the validation process. As detailed above in Fig. 6 and the description of instrumentation in the test
section, there were five thermocouples near and on the comer of the ceiling at the eave edge.
Thermocouples were located outside the test section on the aluminum siding at the level of and below the
top plate. There were also thermocouples inside the attic space at the edge where the perimeter rail and the
top of the gypsum ceiling met.

Four test cases were run. Climate chamber and metering chamber temperatures were those of
Condition W2, specifically, air temperatures of 1.6°F (-17°C) outside and 75°F (24°C) inside the test
section for tests with Configurations A and B. Figure 17 shows sketches of the features of the edge in the
model of the two-layer fiberglass configuration for Test W2A, the configuration for Test W2B with PEPs
before extra sheathing was installed, and both parts of the extended Run W2Bx with sheathing over the
joists and joints between PEPs. One part had XPS sheathing, too, both vertically and over the trusses at
the edge (W2Bxb). The other part had only the vertical sheathing in addition to the joist and joint
sheathing (W2Bxv). The horizontal and vertical arrows on the sketches mark two of the three axes of the
coordinate system used in the model. The third axis extended 24 in. (0.61 m) into the plane of the
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sketches. The origin of the horizontal axis was chosen to leave room to the right of the origin for the
vertical XPS sheathing that was present in two cases. Locations on the model where temperatures were
measured are labeled with letters ‘a’ through ‘g’. The temperatures for locations ‘a’ through ‘e’ inside the
ceiling space were from single thermocouples. Temperatures for ‘f” are the average from two
thermocouples while those for ‘g’ are from eight thermocouples. Combinations of reasonable convective
boundary conditions, specifically, values of the film heat transfer coefficient on the model of the inside
ceiling and wall surfaces, the outside vertical edge, and the slanted roof edge, were tried until the best
agreement between measured and predicted temperatures was obtained. What is meant by the best
agreement is described below.

The program generated the total heat flow through a 7.5 x 24 in. (19 x 61 cm) portion of the inside
of the stub wall, designated by a ‘1’ inside a triangle, and through a 4.125 x 24 in. (10.5 x 61 cm) portion
of the ceiling, designated by a ‘2’ inside a triangle. For convenience in interpreting these data compared
with Q. , the total heat flow from the experiments, they were multiplied by four to include all 8 ft of the
edge and entered as Q, and Q,, respectively, in the data tables next to each sketch. The values for Q.
have been corrected for heat exchange between the guard and metering chambers and heat flows through
the insulated surfaces around the perimeter. They are averages of data recorded at four-minute intervals
over the steady-state portion of each test. At least 12 hours of steady-state data made up each average.
Like the estimate for the system R-value, the 95% confidence interval given for each value is estimated as
twice its standard deviation over this time.

Before discussing the implications of the data in Fig. 17, a brief explanation is in order to give the
rationale for choosing the model. Small rectangular regions containing appropriate materials were built up
to model the construction. Properties for the materials were specified at the appropriate average
temperature for the tests at Condition W2 (about 40°F or 4.4°C). Convective heat transfer coefficients
were specified and varied to include the range from free convection to moderate forced convection. The
results shown in Fig. 17 correspond to free convection both inside and outside the test section. On the
inside, the heat transfer coefficient was 1.5 BTU/(h-ft>-°F) [8.5 W/(m?-K)]; on the outside, the value on the
vertical surface was 0.5 BTU/(h-ft%-°F) [2.8 W/(m?K)] and the value was 0.25 BTU/(h-ft>°F) [1.4
W/(m?K)] on the horizontal surfaces of the steps that modeled the slanted roof. The vertical surfaces were
assumed to be adiabatic. These are judged the best set of values because raising the heat transfer
coefficients on the outside (in the climate chamber with high velocity circulation fans) by 100% lowered
the temperatures calculated at locations ‘a’ through ‘e’ but they remained above the measured
temperatures, while the outside temperature ‘g’ dropped below the measured value. Then, lowering the
heat transfer coefficients on the inside (in the metering chamber with low velocity circulation fans) by 33%
lowered the inside temperatures so that they were about 0.5°F (0.3°C) closer to the measured temperatures
than the best values gave. However, the outside temperatures were 2 to 4°F (1 to 2°C) below the measured
averages there.

Figure 18 shows the agreement that was achieved between measured and calculated temperatures
at locations ‘a’ through ‘e’ and at ‘g’. The calculated temperatures are all above the measured values, but
by about the same amount both inside and outside in each case. Thus, the model should have the same
surface to surface temperature differences as the tests. Predicted heat flows for the edge are therefore
assumed to be as accurate as the total measured heat flows. Moreover, for the chosen combination of heat
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Fig. 18. Relationship between the measured and predicted temperatures to validate a
model of the eave edge of the manufactured home test section.

transfer coefficients, the edge temperature ‘f* from the model is above the measured one for Test W2A
(2R-7), below it for W2B (R-7+PEPs) and W2Bxb (+ sheathing vertically and over the trusses at the
edge), and equal to it for W2Bxv (+vertical sheathing only). The trials with other combinations of heat
transfer coefficients yielded predicted edge temperatures that were below the measured values in all cases.

With the detailed heat flow through the inside surfaces of the edge of the test section available
from the model, several observations can be made. The heat flow through the inside wall labeled as
Surface 1 is 10.9% (within = 0.4%) of the total flow for all four cases. The heat flow through the portion
of the ceiling labeled as Surface 2 is 5.2% (within = 0.3%) of the total flow for all four cases. Thus, 16%
of the total heat flow in all the test cases is due to the edge. For Tests W2A and W2B without vertical
sheathing, the heat flows through the inside walls, Q,, are the same to well within =2 to 3 BTU/h, which is
6 to 8% of Q;. The 95% confidence intervals in Q,,, expressed as a percentage of Q. are 6 to 8%. For
Tests W2Bxb and W2Bxv with vertical sheathing, the Q, values are the same. The heat flows through the
ceiling, Q,, vary as expected, from the largest value for W2A with two compressed layers of fiberglass
batts to the smallest value for W2Bxb with PEPs on top of a layer of fiberglass batts and XPS sheathing
both vertically and on top of the slanted roof trusses at the edge. The ceiling heat flows for cases W2B and
W2Bxv fall between these extremes in the correct order. The influence of the vertical sheathing in W2Bxv
makes the heat flow through the ceiling slightly smaller than in W2B with no sheathing.
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To gain additional insight to the detailed behavior of the heat flow through the eave edge of the
test section and further validate the model, Fig. 19 compares measurements and predictions in tests without
sheathing at the extremes of the winter conditions that were imposed. For Tests W1A and W1B, air
temperatures were 26°F (-3°C) outside the test section and 75°F (24°C) inside. For Tests W3A and W3B,
air temperatures were —-25°F (-32°C) outside and 75°F (24°C) inside. Not all of the temperatures on
Surfaces 1 and 2 were measured in Test W3A. For Test W1A, the ratios of predicted heat flows on
Surfaces 1 and 2 to total heat flow are lower than the ranges in Fig. 17. The measured heat flow for this
case is high compared to the total heat flow for W1B. The difference is +20 BTU/h. At Condition W2 in
Fig. 17, the difference between total heat flows for W2A and W2B is +3 BTU/h. In Fig. 19, the difference
between W3A and W3B is +5 BTU/h. The difference for Condition W1 is still within the uncertainty of
Q,..y for W1A but large relative to the differences for Conditions W2 and W3. Otherwise, the
comparisons between measured and predicted temperatures and measured total heat flow and predicted
heat flows for Surfaces 1 and 2 are as they were in Fig. 17. The accuracy of the simulation seems .
unaffected by the temperature dependence of thermal properties. The same insulation properties were used
in Figs. 17 and 19; in particular, thermal conductivities of fiberglass were inserted at a temperature of
about 40°F (4°C).

The model was used to predict edge heat flows for Tests W1D, W2D and W3D with blown-in
rock wool. The geometry was the same as for Configuration A except uncompressed rock wool occupied
the volume between the ceiling joists or gypsum ceiling and the roof or trusses near the eave edge. The
thermal conductivity of rock wool was inserted at 40°F (4°C) from the inverse of the R-value per unit
thickness measured in the tests with Configuration D. As Table 2 shows, the rock wool allowed slightly
more heat to flow through the edge than the two layers of fiberglass batts for comparable conditions, but
the total heat flows measured with the rock wool were significantly larger than with the fiberglass.
Therefore, the heat flows through the edge were a smaller fraction, 13.2 + 0.9%, of the totals for the rock
wool.

To present the results for the edge heat flows in terms of a framing effect for the flat ceiling only,
the sum of the heat flows through Surfaces 1 and 2 in Figs. 17 and 19 and from the runs for rock wool can
be subtracted from their respective total heat flows. The result is Qp,, the heat flow through the ceiling
away from the edge. Q. Should be free from any edge effects. A framing effect FE.;;,, is defined as

F. Eceiling =1- Rcciling/ Rcen!er (4)

where R jing = AT-Aeiting/ Qceiting BY Eq- (2) and R,y = AT/qcener- The area of ceiling away from the edge
is Agng = 48.1 £t* (4.47 m®) and does not include the area of Surface 2 in the model. The temperature
difference AT and the heat flux q.,,,, are available from the experiments. FE;,, displays how much the
maximum R-value through the clear insulation is reduced by the effect of joists, truss supports, gaps in the
insulation between panels and over the joists (in the case of the PEPs) and less insulation near the ridge
(for the rock wool).
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Table 2. Framing effects for the ceiling of the manufactured home test section.

Test Qe4e:(BTU/M) / Pred. R, Meas. R,
Qu(BTUM)  (hft*°F/BTU)  (h-ft*°F/BTU) FE g
WI1A 32.7/223 12.4 15.6 0.21
W2A 48.9/314 133 16.3 0.19
W3A 66.6 /423 135 172 0.21
W1B 33.1/203 142 24.1 - 0.41
W2B 49.3/311 13.5 24.7 0.45
W2Bxb 41.3/252 16.7 24.7 0.32
W2Bxv 4271260 16.2 24.7 0.34
W3B 67.3/418 13.7 25.8 0.47
Ww1D 36.6/284 9.7 12.7 0.23
Ww2D 53.7/381 10.8 133 0.19
W3D 72.9/576 9.5 13.6 0.30

For insulation Configurations A, B and D, Table 2 summarizes the ratios of predicted edge heat
flow to measured total heat flow and presents Ry, for the area of ceiling away from the edge and the
corresponding Ry, from the heat-flux transducers under the center-of-cavity insulation. Equation (4) is
used to calculate the framing effect. Configurations A and D show smaller framing effects than
Configuration B with the PEPs and their severe joint and joist effects. The framing effects for
Configuration D are slightly higher than for Configuration A despite the better insulation coverage near the
joists for Configuration D. As discussed earlier, measurements for Configuration D after the tests revealed
17% less insulation thickness near the ridge relative to the center-of-cavity thickness, negating the effect of
the better coverage of the joists by Configuration D. The scatter in the values of FE ;,, for Configuration
D is a symptom of scatter in system R-values seen already in Fig. 15.

A valuable application of the model of the eave edge of the manufactured home test section is
to explore alternate constructions without incurring the time delay and expense involved in direct
measurement. In Fig. 20, the results of one such application are shown. The nominal 2 x 4 top plate and
the perimeter rail have been removed and replaced by an L-shaped beam. This beam gives horizontal and
vertical support to the trusses, which are also shortened by 1 in. (2.5 cm) at the eave edge. The result
should be a structure that is as strong as the current one in which the trusses are nailed to the perimeter rail
and then the rail and trusses are toenailed to the top plate. This new construction creates space for a
special cap made of foam insulation. The cap thermally protects the edge both horizontally and vertically,
but does not change the width or height of the roof. Conditions for Tests W2A and W2B were imposed.
For additional insulation in the vertical direction and for comparison to the results in Fig. 17, PEPs were
specified near the edge as was another layer of fiberglass above them.
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Fig. 20. Application of the model to the eave edge when it is thermally protected by a special
cap fabricated from foam insulation.

The predicted inside and outside temperatures in Fig. 20 agree best with the case of a layer of
fiberglass under PEPs in Fig. 17. The edge temperature at point ‘f’ is warmer than any other temperature
‘£ in Fig. 17. The heat flow through the inside ceiling (Surface 2) is lower than any other Q, in Table 2.
Both pieces of evidence point to the good thermal protection that the new edge provides against the flow of
heat in the vertical direction. The heat flow through the inside wall (Surface 1) is significantly lower than
in the cases with no vertical sheathing but not quite as low as use of the full vertical sheathing permits.

5.2. CEILING JOIST MODEL

HEATING 7.2 was run for a 24 in. (0.61 m) wide section of the ceiling space away from the edge
and away from places where slanted and vertical truss members joined the ceiling joists. A horizontal joist
down the middle of the section allowed an estimation of how much of the ceiling framing effect in Table 2
is due to effects just over the ceiling joists. Configuration D has negligible joist effect so it was not
modeled. The two-layer fiberglass batt configuration was modeled first. At Condition W2, the model
predicts a framing effect of 0.01 vs. 0.19 to 0.21 for the whole ceiling in Table 4 for Configuration A, a
difference of 0.18 to 0.20. This model does not account for the effects of the vertical and slanted truss
members that penetrate the uniform covering of insulation. Visual inspection of the gaps caused by these
members showed that the gaps extended between the full-width second layers of batts for over 60% of the
length from eave to ridge. As Fig. 5 shows, not much disturbance is caused by the ceiling joists alone so
the small framing effect from the model is reasonable because the insulation’s thermal conductivity and the
wood joist’s thermal conductivity are not too different. The framing effect from Table 2 shows that the
gaps caused by the vertical and slanted truss members have a significant effect for Configuration A. There
are no such gaps in Configuration D to help explain its framing effect in Table 2. However, in addition to
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the effect of the vertical and slanted truss members, 17% less insulation near the ridge could account for
the rock wool’s framing effect of 0.19 to 0.30.

Another run of the HEATING 7.2 model for the ceiling joist effect was done for PEPs on top of a
layer of fiberglass. The gap between PEPs was as shown for Configuration B in Fig. 5. The predicted
framing effect for the ceiling joists alone was 0.23 compared to 0.41 to 0.47 in Table 2 for the whole
ceiling in Tests W1B, W2B and W3B (Configuration B without the extra sheathing), a difference of 0.18
to 0.24. A final run of this model had 4 in. (10.2 cm) square blocks of EPS on top of the space between
the PEPs over the joists. A framing effect of 0.18 was predicted, compared to 0.32 to 0.34 in Table 2 for
W2Bxb and W2Bxv, a difference 0f 0.14 to 0.16

A graphic comparison between the ceiling and the predicted framing effects is shown in Fig. 21.
Again, the effect appears of the slightly high measured heat flow for Run W1A, which was noted in
Fig. 19. A relatively high ceiling heat flow makes for a smaller Ry, and a relatively high framing effect
for this case, so the trend from W1A to W2A and W3A is not the same as from W1B to W2B and W3B.
The difference between the ceiling and predicted framing effects is about the same for insulation
Configurations A and B, which is consistent with a uniform effect of the vertical and slanting truss
members. The difference is slightly smaller for Configuration Bx with sheathing over both the ceiling
joists and the joints between PEPs. Here FEy,, in Table 2 and Fig. 21 for Tests W2Bxb and W2Bxv
displays the success of attempts to cover all the flaws preventing uniform coverage by PEPs. It is
reasonable that the model comes closer to the measured results because the model has no effects of joints
between PEPs while the experiments had the joints covered by EPS. Also, the same size of EPS blocks
was used to span the space between PEPs over the joists in the model and the experiment.

5.3. WHOLE HOUSE MODEL

Although the use of the edge cap in Fig. 20 and vertical and truss sheathing in Fig. 17 show
significant decreases in heat flows across the edge, overall savings are not significant enough to justify
installation of them for the edge alone. To verify this insight, a model of an entire mobile home was
specified for the public domain program, ASEAM 3.0, which uses the simplified energy analysis afforded
by a modified bin method to predict annual energy use for residential and small commercial buildings
(ACEC 1991). The base case for ASEAM 3.0 was a mobile home located in the southeastern U.S., heated
and cooled by an electric air-to-air heat pump. The unit had nominal Rys-14 (Ry-2.5) insulation in the
roof/ceiling, Rys-11 (Rg-1.9) in the side and end walls, and Rys-7 (Rgi-1.2) under the floor. The ceiling
and floor joists were specified to be 24 in. (0.61 m) o.c. while the studs were 16 in. (0.41 m) o.c. Single
pane windows occupied 10% of the wall area and a 15% framing factor was assumed for the walls to allow
for the studs and framing for the windows and a single door. The results in Fig. 20, when incorporated
into the whole wall and roof of a 14 ft wide x 52 ft long (4.3 m wide x 15.8 m long) mobile home, improve
the R-value of the wall by 0.5% and that of the roof by 1.5%. ASEAM 3.0 shows that annual savings are
only 15 to 22 KWh; not enough at the assumed $0.08/KWh for electricity to justify the investment needed
for the foam cap. According to the results from further use of ASEAM 3.0, installation of 0.5 in. (13 mm)
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thick (nominal Rys-2.5 or Rg-0.44) sheathing on all outside walls and protection of the vertical part of the
edge achieved simple payback times from 2.5 to 3 years when the long sides of the house faced east and
west and 3 to 4 years when they faced north and south. Although 0.75 in. (19 mm) thick sheathing was
used in the experiments, our industrial CRADA partner judged it too thick for adding on to a manufactured
home with the existing roof to wall strapping requirements for mechanical strength. The edge protection in
the vertical direction was assumed to be done at no additional cost by using scraps of fiberglass and
sheathing at the eave edge instead of PEPs and the special foam cap. Sheathing for the walls was
estimated to add a cost of $0.135/ft2 ($1.25/m?2).
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6. SUMMARY AND CONCLUSIONS

Different insulation configurations with fiberglass batts and blown-in rock wool insulation in a test
section like half the roof of one type of manufactured home showed the effects of reduced insulation
R-value and a thermal bridge at the eave edge of the roof. The systems comprising a layer of fiberglass
batts and PEPs (Configuration B) on the ceiling or blown-in rock wool (Configuration D) were not
affected by vertical compression of insulation at the eave. Insulation coverage was poor over the joists
with PEPs on top of fiberglass batts because the panels had to fit between the vertical and slanted truss
members. There were also joints between the three panels used from eave to ridge in each space between
joists. The thickness of the blown-in insulation at the edge was not as great as in the middle of the test
section because of the short heel at the eave edge. Nor was it as thick at the ridge edge due to the blowing
technique that was used. The configurations comprising two (Configuration A) and four (Configuration C)
Jayers of fiberglass batts had compressed insulation at the eave but insulation was continuous from eave to
ridge. Joist coverage was affected because the full-width batts had to bend around the vertical and slanted
truss members.

Thermal performance of the Configurations A, B, C and D is as follows. The ratios of the system
to center-of-cavity insulation R-values show how much the system R-values are affected by insulation
compression or reduced insulation at the eave edge, thermal bridges and effects through joists and joints.

Configuration Condition  Center-of-Cavity Ry; System Ry System/Center
Rs) Re) (%)
A. Two FG Batts Winter 15.6-17.2 (2.7-3.0) 12.0-12.4 (2.1-2.2) 72-77
Summer 13.2(2.3) 12.1 (2.1) 92
B. PEPson FG Winter 24.1-25.8 (4.2-4.5)  12.4-12.7 (about 2.2) 49-53
Summer -—- -—- -—=
C. Four FG Batts Winter 30.4-31.7 (5.4-5.6) 16.8-18.6 (3.0-3.3) 55-59
Summer 27.6.(4.9) 15.8 (2.8) 57
D. Rock Wool Winter 13.0-14.0 (2.3-2.5) 9.1-10.1 (1.6-1.8) 65-74
Summer 12.4 (2.2) 9.9(1.3) 80

Improvements in system R-values were sought by improvements in Configurations B, Cand D. After
the initial tests with Configuration B, 0.75 in. (1.9 cm) thick extruded polystyrene (XPS) sheathing was
installed over the eave edge and 4 in. (10.2 cm) thick EPS was installed over most of the underprotected
joists and over the joints between the PEPs. The sheathing improved the system R-value by 23%
compared to the initial results with Configuration B. Vertical XPS sheathing at the eave edge improved
the system R-value for Configuration C by 9%. Placing two EPS layers, each 0.625 in (1.6 cm) thick, over
the trusses instead of the metal roof showed a 7 to 9% increase over the base-case system R-values with
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Configuration D. Adding an aluminum foil facing the attic space showed a 27% increase at winter
conditions and a 29% increase at summer conditions relative to the base results. Placing PEPs instead of
one of the EPS layers over the trusses yielded 28% improvement over Configuration D at winter conditions
and 51% at summer conditions. In all these cases, the eave edge was left thermally underprotected. The
entire eave edge was then protected by wide EPS boards like the one covering most of the stub wall. The
combined effect of all improvements was a 51% higher system R-value at the mid-winter condition and a
95% higher one at the summer condition relative to the base-case system R-values with Configuration D.

HUD manufactured housing construction and safety standards impose an upper limit on the overall U
value of the roof/ceiling, walls and floor. The limit varies with location. For the roof/ceiling, center-of-
cavity insulation R-values and inside and outside film resistances, all at 75°F (24°C), are used with parallel
path corrections for insulation compression and framing effects. For this test section, including the stub
wall on the eave edge, the system R-value for insulation Configuration A by the HUD method is estimated
to be Rys-14.8 (Ry-2.6). This is 21% higher than the measured average of 12.2 for this system.

The eave edge, the space around a horizontal ceiling joist, and an entire 14 ft (4.3 m) wide x 52 ft
(15.8 m) long manufactured home were modeled to provide insight to the measurements. For the two layer
fiberglass batt insulation package and for the PEPs over fiberglass batts, the model of the eave edge
showed that 16% of the total heat flow through the test section came through the eave edge. For the rock
wool insulation, the eave edge loss was 13% of its greater total heat loss. For the two-layer fiberglass batt
and PEP configurations, a model of heat flow through a horizontal ceiling joist addressed only the joist
effect in the ceiling R-values. The joist was away from the eave edge and free from interference by vertical
and slanted trusses. Ceiling R-values were obtained from differences between measured total heat flows
and predicted eave edge heat flows. For the PEPs, further modeling addressed the effects of sheathing
over the joist. The blown-in rock wool was not modeled because it would not show a joist effect. The
predictions yielded a joist effect of only 1% for the two layers of fiberglass batts but, since the PEPs did
not cover the joists, about 18% and 23% for the PEPs with and without sheathing, respectively. The
differences between the joist and total ceiling framing effects were about 20% for all of the fiberglass
configurations meaning that the vertical and slanted truss members effectively reduced the system value by
about 20% from the center-of-cavity insulation value. The blown-in rock wool showed a 19 to 30%
framing effect for the ceiling, which is attributed to poorer coverage near the ridge edge and some effect of
the vertical and slanted trusses.

The whole house computer simulation showed annual energy savings for proposed improvements in
construction features of manufactured homes. Improving just the edge of the roof saved very little. But, if
mechanical constraints would allow the extra width caused by 0.5 in. (13 mm) thick vertical XPS
sheathing over all exterior walls and the top of the trusses at the eave edge, the cost of the sheathing could
be recovered in payback times of 2.5 to 4 years.



The PEPs available for the tests achieved Rys-16 h-ft* °F/BTU (Rg-2.8 m*K/W) in 0.79 in. (20 mm)
thickness. This is very good center-of-cavity performance. The measurements of system R-value with
PEPs between the trusses on top of a layer of fiberglass batts showed too many thermal shorts to take
economic advantage of the high center-of-cavity R-value. The measurements of system R-value with
insulation over the trusses showed potential for improving thermal performance of the roof cavity if the
eave edge is improved simultaneously. PEPs could have application near the eave edge where space is
very cramped if they can be installed without danger of damage to them. This danger is not easy to avert
because there are strict requirements for strapping the roof to the side walls. For the near term,
conventional sheathing, as much as can be tolerated, is recommended over the walls and the eave edge of
the trusses.
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